We construct the low-energy effective lagrangian for supersymmetry breaking models with a light gravitino. Our effective lagrangian is written in terms of the spin-1 2
Goldstino (the longitudinal component of the gravitino) transforming under a non-linear realization of supersymmetry. The Goldstino is derivatively coupled. We use this lagrangian to place bounds on the supersymmetry breaking scale √ F from Goldstino phenomenology. The most stringent bounds come from the coupling of a single photon to Goldstino pairs. For gauge-mediated models, this coupling arises at one loop in the effective lagrangian, and supernova cooling allows √ F > ∼ 610 GeV or √ F < ∼ 35 GeV for left-handed slepton masses of order 200 GeV. Nucleosynthesis gives a bound √ F > ∼ 190 GeV for ∆N ν ≃ 0.8. The invisible width of the Z gives a bound √ F > ∼ 140 GeV for tan β ≃ 2.
June 1997
Introduction
If supersymmetry plays a role in solving the gauge hierarchy problem, the scale M S of the masses of superpartners of observed particles cannot be much larger than 1 TeV. However, the scale √ F at which supersymmetry is spontaneously broken can be much larger [1, 2] . 1 Clearly it is important and interesting to obtain experimental information about the scale √ F .
One of the few direct experimental handles on this scale comes from the fact that spontaneous breaking of supersymmetry gives rise to a massless spin- 1 2 Goldstino, the Nambu-Goldstone mode associated with supersymmetry breaking. The presence of supergravity means that the Goldstino is absorbed as the longitudinal component of the spin- 3 2 gravitino (superpartner of the graviton), giving rise to a spin- 3 2 particle with mass [3] 
(1.1)
In this paper, we obtain constraints on √ F for models in which the gravitino mass is small compared to M S , so that the gravitino is the lightest supersymmetric particle.
The most popular models in the literature involve supersymmetry breaking at a scale √ F ∼ 10 11 GeV in a hidden sector, which is communicated to the observable sector via gravitational-strength interactions. In these models, the superpartners and the gravitino all have masses of order M S ∼ F/M Planck ∼ 1 TeV, so our results do not apply to this class of models. However, there are interesting models that break supersymmetry at scales below the intermediate scale [1, 4] . These models naturally solve a number of potential problems with the traditional scenario, such as flavorchanging neutral currents. In such models, supersymmetry is assumed to be broken at a scale √ F ∼ 1 TeV to 100 TeV. The super-Higgs effect still operates, but now the gravitino mass is of order F/M Planck ∼ 10 −4 eV to 1 eV. Thus, the gravitino is the lightest supersymmetric particle in this class of models, giving rise to exciting possibilities for supersymmetric phenomenology [5] .
Another class of models with light gravitinos are "no-scale" supergravity models with special choices for the Kähler potential [6] . In these models, the parameter F in Eq. (1.1) does not have the interpretation of the supersymmetry breaking scale. However, the bounds we obtain can be applied to this class of theories if they are expressed in terms of the gravitino mass via Eq. (1.1).
At energies below the scale √ F , the longitudinal Goldstino component of the gravitino has interactions suppressed by powers of 1/F , while the transverse components of the gravitino have interactions suppressed by powers of 1/M Planck . Therefore, as long as supersymmetry is broken well below the Planck scale, it is a good approximation to neglect the transverse components and consider the dynamics of the Goldstino alone.
In this paper, we analyze the coupling of the Goldstino to observable fields using an effective lagrangian formalism. We construct an effective lagrangian containing observable sector fields with soft supersymmetry breaking terms and a Goldstino field transforming according to a non-linear representation of supersymmetry. We show that the Goldstino field is derivatively coupled. Previous bounds in the literature used Goldstino amplitudes with incorrect energy dependence [7, 8] , and these bounds are invalid. (This was noted in Ref. [9] , which appeared while this work was in progress.)
We then use our results to identify new processes that can give rise to Goldstino interactions strong enough to obtain interesting bounds. We find that the most stringent bounds come from a coupling of a single photon or Z to Goldstino pairs from an interaction term of the form
where χ is the Goldstino field, F µν is the gauge field strength, and M is a mass that depends on the supersymmetry breaking model. The Z coupling occurs at tree level in the effective lagrangian, giving M 2 = D ∼ gv 2 . The photon coupling occurs at one loop, giving M ∼ mL/(4π) in gauge-mediated models, where mL is the lefthanded slepton mass. These couplings are used to set bounds on the scale √ F from the cooling of supernova 1987A, nucleosynthesis, the lifetime of the universe, and Z decay. This paper is organized as follows. In Section 2, we derive the effective lagrangian using a non-linear realization of supersymmetry. In Section 3, we specialize to the case of gauge-mediated supersymmetry breaking and derive bounds on √ F . Section 4 contains our conclusions.
Effective Lagrangian
The interactions of the Goldstino at low energies are governed by low-energy theorems analogous to those which apply when global internal symmetries are spontaneously broken. The most convenient formalism for analyzing these interactions is an effective theory in which the broken symmetry (in this case supersymmetry) is realized non-linearly. This approach ensures that our results apply to any model in which supersymmetry is broken spontaneously. In this section, we review the non-linear realization of supersymmetry of Refs. [10, 11] and adapt it to the case of supersymmetry breaking in a hidden sector.
Supersymmetry can be non-linearly realized on a single spinor fieldχ via
With this definition,χ has dimension − 1 2
, the same as the superspace coordinates θ.
To construct supersymmetric lagrangians involvingχ, we follow Ref. [11] . The fieldχ can be promoted to a superfield Θ via
where the generators Q act onχ according to Eq. (2.1). The resulting superfield satisfies
We can use the superfield Θ to write manifestly supersymmetric interactions for the fieldχ. The most general effective lagrangian forχ has the form
The kinetic term forχ is contained in the term
which is the Volkov-Akulov lagrangian. The constant F has dimension 2, and parameterizes the scale of supersymmetry breaking. The canonically normalized Goldstino field is given by
The lagrangian also contains higher order terms such as
2 We use the spinor conventions of Wess and Bagger [12] .
where c is a dimensionless coupling constant. This gives rise to a systematic lowenergy expansion for Goldstino interactions in powers of the Goldstino energy. The parameter c is somewhat model-dependent. For example, if the dynamics that breaks supersymmetry is strongly coupled with no small parameters, the effective lagrangian has the form [13]
where Λ ∼ √ 4πF is the scale of the strong resonances. In such a model, c ∼ 1/(4π).
We now consider the coupling of the Goldstino to matter in models with √ F ≫ M S , where M S is the mass scale of the superpartners of the observed particles. Our aim is to construct the effective lagrangian at the scale M S in such models. The light fields will be the observable sector fields and a Goldstino. The full theory may involve a hidden sector as well as "messenger" interactions that communicate the supersymmetry breaking to the observable sector; we assume that all fields in this sector are heavy compared to M S . We then expect that the largest supersymmetrybreaking terms in the observable sector are those that break supersymmetry softly [2] . These terms can be written in terms of supersymmetry-breaking "spurion" fields such as θθθθ [14] . In order to make these terms supersymmetric, we simply write the spurions in terms of the superfields Θ in place of the superspace coordinates θ. The most general soft breaking terms can then be written as follows:
where [14] 
We can find the component field expression of the terms above by projection with the help of Eqs. (2.3). We are interested only in terms containing at most two Goldstino fields, and we obtain
where | 0 denotes the θ =θ = 0 component. In writing this result, we have omitted terms that vanish by the lowest-orderχ equations of motion.
5
It is straightforward to compute the component form of Eq. (2.11). The "Dirac" scalar mass terms of Eq. (2.10) give
(2.12)
The "Majorana" scalar mass terms give
(2.13)
The gaugino mass terms give
14)
Finally, the trilinear terms give
(2.15)
5 More precisely, these terms can be eliminated by a field redefinition to the order we are working.
In the lagrangian given in Eqs. (2.11) through (2.15), the Goldstino fieldχ is not derivatively coupled. This form of the lagrangian is useful in the energy regime M S ≪ E ≪ F , where M S is the scale of the soft supersymmetry breaking masses. In this regime, Eq. (2.11) shows that the couplings of the Goldstino to observable matter fields is suppressed by powers of M S /E.
We are interested in the phenomenology of the Goldstino in the energy regime E ∼ M S (or E ≪ M S ). To study this regime, it is convenient to perform a field redefinition to obtain a lagrangian in which the Goldstino field is derivatively coupled. Intuitively, the idea is to make a field redefinition in the form of a local supersymmetry transformation with parameter −χ(x) to remove the non-derivative terms. In Wess-Zumino gauge, the supersymmetry transformations on component fields are generated by the operators Q WZ defined by [12] (
We then define new fields by the field redefinition
When the lagrangian is written in terms of the primed fields defined above, the Goldstino is derivatively coupled. To establish this to all orders inχ, we will show that whenχ is taken to be a constant, the lagrangian is independent ofχ. The crucial observation is that the transformation between the primed and unprimed field is "almost" a supersymmetry transformation. Ifχ were a constant, and we combined the change of variables above with a transformation Eq. (2.1) acting onχ with parameter ξ =χ, the result would be a (nonlinear) supersymmetry transformation under which the lagrangian is fully invariant. Therefore, for constantχ, the change of variables Eq. (2.17) is equivalent to
The fact that theχ fields are set to zero by this transformation follows directly from Eq. (2.1), and shows that the lagrangian is independent ofχ (for constantχ).
When we compute the lagrangian in terms of the fields defined in Eq. (2.17), we find that there are still Goldstino couplings proportional to the gaugino mass M. It is convenient to eliminate these by a further field redefinition
When the kinetic terms are written in terms of the primed fields defined in Eqs. (2.17) and (2.19), we obtain derivative couplings of the Goldstino to the matter fields with no couplings proportional to soft supersymmetry-breaking masses. We will assume that these kinetic terms are canonical, as is appropriate for low-scale supersymmetry breaking. 6 The final lagrangian can then be written gauge contain terms with n powers of the canonically normalized field χ defined in Eq. (2.6). The matter kinetic terms give (dropping the primes and writing the results in terms of the canonically normalized Goldstino field χ)
The gauge kinetic terms give
We have made extensive use of the χ equations of motion to simplify these expressions. The terms linear in χ are the well-known linear couplings of the Goldstino to the supercurrent [15] . The terms quadratic in χ give rise to additional couplings of the Goldstino to matter.
The fact that the Goldstino couples only through derivatives is an automatic consequence of the non-linear representation of supersymmetry we are using. The couplings above have also been computed by various authors by taking the lowenergy limit of various models [7, 9] . In these calculations, the derivative couplings of the Goldstino arise from cancellations between different terms. Many of the results in the literature missed some of these cancellations, and obtained results in which the Goldstino is not derivatively coupled. (We are in agreement with the energy dependences obtained in Ref. [9] .) We hope that the derivation presented here is sufficiently simple and compelling to settle this issue.
Phenomenology
We now turn to the constraints on the scale √ F that arise from the effective lagrangian constructed in the previous section. If the superpartners of observed particles are light enough to be produced in a collider experiments, then the Goldstino may be observed in superpartner decays via the linear terms in χ. This possibility has been analyzed extensively in the literature [5] . We have nothing to add to this, except to note that the signals depend on details of the superpartner masses and couplings. In this paper, we will focus on observables at energies below the superpartner masses that are more model-independent. 
Coupling to Photons
The final form of the lagrangian given in the previous section does not contain a coupling of a single photon to Goldstino pairs. However, the symmetries of the supersymmetric standard model (with a Goldstino) allow a term
where B µν is the U(1) Y field strength, and F µν is the electromagnetic field strength. This coupling can arise from one-loop diagrams containing fields that are charged under U(1) Y , such as those shown in Fig. 1 .
We compute the coupling M 2 in Eq. (3.1) in gauge-mediated models [4] , since these appear to be the leading candidates for low-energy supersymmetry breaking. In these models, we expect the messenger fields to be in a vector-like representation of the electroweak group. (This allows the messenger fields to have SU(2) W × U(1) Y invariant masses.) In these models, the diagrams in Fig. 1 with messenger fields in the loop vanish by a charge conjugation symmetry. The leading contribution to the coupling Eq. (3.1) in these models arises from diagrams involving charged chiral fields of the supersymmetric standard model. The fact that supersymmetry breaking is mediated by the standard-model gauge interactions means that the masses of the squarks and sleptons are determined by their gauge quantum numbers: 
where m 3 > m 2 > m 1 . The total contribution to M 2 is ultraviolet finite, corresponding to the fact that the short-distance contribution vanishes. The result is
The Higgs bosons also give a finite contribution that depends on the µ term as well as radiative corrections to the Higgs masses. We expect the contribution from squarks and sleptons to dominate because of the counting factor from the number of states, and we neglect the Higgs contribution. Taking mL ≃ 200 GeV and mQ ≃ 400 GeV, we obtain M ≃ 43 GeV. This is the value we will use as a reference point when stating our bounds.
SN1987A
We can obtain a bound on F by demanding that Goldstino emission does not contribute excessively to cooling the core of supernova SN1987A. The neutrinos emitted in the explosion of SN1987A were observed on earth with a luminosity in agreement with the expectation that most of the energy of the supernova is emitted in neutrinos. We therefore demand that the Goldstino luminosity be smaller than the neutrino luminosity L 0 ∼ 10 52 erg/s. We compute the rate of energy loss per unit volume due to the process e + e − → χχ arising from photon exchange via the interaction Eq. (3.2). If F becomes small enough, the Goldstinos will interact sufficiently strongly with electrons and positrons that the Goldstinos will diffuse out of the core rather than freesteam out. When the time required for the Goldstinos to diffuse out is comparable to the neutrino diffusion time, the neutrinos again carry off a sizable fraction of the total energy and the bound derived above is invalid. The Goldstino and neutrino diffusion times become comparable when the Goldstino mean free path is approximately 0.3 m [8] . We estimate the Goldstino mean free path λ χ by assuming that the Goldstinos emitted are distributed according to an equilibrium temperature T χ . We write 8) where n χ is the χ number density and 9) where the factor of 2 arises because there are equal contributions from electrons and positrons. We simplify the evaluation of this expression by neglecting the final-state Pauli blocking factors. This overestimates γ, and therefore gives Including the Pauli blocking would further reduce the value of F for which the bound is invalid. We will see that these low values of F are excluded by Z decay (as long as tan β is not fine-tuned close to 1) and are disfavored by nucleosynthesis.
Nucleosynthesis
We can obtain a bound on F by demanding that the Goldstinos do not contribute excessively to the expansion of the universe during the epoch of nucleosynthesis. Our bound assumes that the agreement between nucleosynthesis theory and observation does not allow a single extra neutrino species in equilibrium. We will work out the bound, and leave it to the experts to settle the question of how many extra neutrino species are allowed by nucleosynthesis.
We therefore demand that the Goldstino decouple above the muon decoupling temperature T µ ≃ 100 MeV, which gives ∆N ν ≃ 0.8. The process e + e − ↔ χχ gives the rate of change of the Goldstino number density aṡ
where we neglect final-state Pauli blocking. This giveṡ
Demanding that this is less than the Hubble parameter at the temperature T µ gives the bound
(3.14)
Lifetime of the Universe
For completeness, we also recall the bound on √ F that comes from demanding that the gravitino contribution to the expansion of the universe is consistent with the observed lifetime of the universe [16] . For temperatures below the scale M S of the superpartner masses, we can use the results of the previous subsection, while for temperatures above M S , the Goldstino interaction rate iṡ
In either case, the Goldstino decouples when it is relativistic, and the bound on the Goldstino mass is [17] GeV. This bound is model-dependent, since we do not know g * at such high temperatures. Also, a period of inflation below the scale √ F would completely invalidate the bound.
Z Decay
We now consider the decay of the Z to Goldstino pairs. We place a limit on F by demanding that this not spoil the agreement between the invisible Z width as calculated in the standard model and measured at LEP. We therefore impose Γ(Z → χχ) < 7.5 MeV, which is 3 times the experimental uncertainty from the combined LEP average (the theoretical uncertainty is negligible) [18] . This gives a bound This bound becomes weak when tan β is near 1, but we regard this as a fine-tuned scenario.
Conclusions
We have computed the low-energy couplings of the longitudinal components of a light gravitino (the Goldstino) to matter. We have shown that these couplings are derivatively coupled to all orders in the Goldstino field χ, and we have explicitly worked out the lagrangian to second order in χ. Previous works used the process γγ → χχ to place bounds on the supersymmetry breaking scale, but used amplitudes with the wrong energy dependence [7, 8] . The correct energy dependence was obtained in Ref. [9] , which showed that the bound from this process is extremely weak. In this paper, we showed that the coupling of a single photon or Z to Goldstino pairs can give stronger constraints on the scale of supersymmetry breaking. For gauge-mediated models with left-handed slepton masses of order 200 GeV, the allowed range is √ F > ∼ 610 GeV, (4.1) unless tan β is tuned to be very close to 1. This corresponds to a gravitino mass m χ > ∼ 9 × 10 −6 eV. Also, models with √ F > ∼ 10 6 GeV may contribute too much to the energy density of the universe.
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